Introduction
In the course of scientific and technological progress, large attention is paid to the development of new functional materials based on intermetallic compounds. In search of new intermetallics having specific thermoelectric properties, we focus on the investigation of ternary systems with elements of group IVb, d-metals and Sn or Sb. Most of the studied systems are characterized by the presence of equiatomic compounds [1] [2] [3] [4] [5] [6] . Among them, the MeNiSn stannides (Me = Ti, Zr, Hf), crystallizing with the cubic MgAgAs-type (half-Heusler phases), are prospective semiconducting materials for thermoelectric applications [7] [8] [9] [10] [11] . Changing the d-elements leads to different crystal structures for the MeMe'Sn stannides (ZrCoSn, HfCoSn -hexagonal ZrNiAl-type [1, 2] , ZrCuSn -orthorhombic TiNiSitype [5] , TiCuSn -hexagonal LiGaGe-type [12] ) and results in a change of the semiconducting properties to metallic type of conductivity. In the case of the Ti-Mn-Sn and {Zr,Hf}-Ag-Sn systems, the absence of equiatomic compounds was noticed [13, 14] . In some cases the formation of half-Heusler MeMe'Sn compounds is also very sensitive to the preparation method and heat treatment. For a proper understanding of these influences, a detailed knowledge of the phase relations in metallic systems is a prerequisite.
In this paper we present for the first time the results of X-ray and EPM analyses of the phase equilibria in the Ti-Fe-Sn ternary system at 773 K and an analysis of the formation of some of the ternary phases.
Experimental
The samples were prepared by direct arc melting of the constituent elements (titanium, 99.99 wt.% purity; iron, 99.99 wt.% purity; tin, 99.999 wt.% purity) under high-purity Ti-gettered argon atmosphere on a water-cooled copper crucible. The alloys were annealed at 773 K in evacuated quartz tubes for 720 h, and subsequently quenched in ice water.
X-ray phase analysis of the samples was carried out using powder patterns obtained on a DRON-4.0 (Fe Kα radiation) diffractometer. The observed diffraction intensities were compared with reference powder patterns of binary and known ternary phases. The lattice parameters were refined by least-squares fits to indexed 2θ-values using the WinCSD program package [15] .
The chemical compositions of the samples were examined by Scanning Electron Microscopy (SEM) using Zeiss Supra 55VP and RЕММА-102-02 scanning electron microscopes. Quantitative electron probe microanalysis (EPMA) of the phases was carried out using an energy-dispersive X-ray analyzer with the pure elements as standards (the acceleration voltage was 20 kV; K-and L-lines were used).
DFT (Density Functional Theory) electronic structure calculations for one of the ternary compounds in the system (with experimentally determined structural parameters) were carried out with the Elk package [16] (an all-electron full-potential linearized augmented-plane wave code with PBE [17] parameterization). VESTA [18] was used for crystal structure and volumetric data visualization of the electron density and electron localization function (ELF).
Results and discussion

Isothermal section of the Ti-Fe-Sn system
The phase equilibria in the Ti-Fe-Sn system at 773 K were studied by means of X-ray diffraction and scanning electron microscopy of 10 binary and 52 ternary alloys (Fig. 1) . As regards the boundary systems, all the binary compounds were confirmed and the corresponding crystallographic characteristics are reported in Table 1 . An analysis of literature data concerning the Ti-Sn binary phase diagram [19] showed the presence of four binary compounds: Ti 3 The solubility of the third component in the other binary compounds is less than 1-2 at.%. The phase relations in the Ti-Fe-Sn system are characterized by the formation of three ternary stannides at 773 K (Fig. 1) , crystallographic characteristics of which are given in Table 4 . The results of EPMA and crystallographic data for selected ternary Ti-Fe-Sn alloys, annealed at 773 K, are presented in Fig. 2 and Table 5 .
Equiatomic "TiFeSn" compound?
The TiFeSn compound with MgAgAs-type reported in [24] was not observed during our study of the Ti-Fe-Sn system at 773 K. To check the existence of a TiFeSn stannide at higher temperatures, several samples with compositions close to the stoichiometry 1:1:1 were prepared and annealed at 773, 873, 1073, and 1173 K. Phase analysis of the corresponding samples at all the investigated temperatures showed the presence of three phases in equilibrium, depending on the small deviation in composition: the main ternary phase TiFe 2 Sn and the binaries Ti 6 Sn 5 and Ti 2 Sn 3 , or TiFe 2 Sn in equilibrium with Ti 6 Sn 5 and Ti 5 FeSn 3 .
Electronic structure calculations of the TiFeSn compound with lattice parameters taken from [24] and atom distribution like in TiNiSn (Ti (4a) 0 0 0; Fe (4c) ¼ ¼ ¼; Sn (4b) ½ ½ ½) showed that the compound is characterized by positive energy of formation ∆E = E tot (TiFeSn) -E tot (hex-Ti) -E tot (α-Fe) -E tot (β-Sn) = +7.3 meV/atom. Optimization of the lattice parameter (Fig. 3) showed that the cell parameter reported in the literature is far from the equilibrated value, 0.633 nm reported in [24] compared with a = 0.5816 nm. With the optimized lattice parameters the energy of formation appeared to be negative ∆E = −393.3 meV/atom. Using the phase equilibria from the investigated isothermal section (Fig. 1) , we decided to evaluate the energy of the reaction Ti 6 Sn 5 +Ti 2 Sn 3 +8TiFe 2 Sn+∆H → 16TiFeSn. The values of ∆H = +647 meV/atom for the lattice parameter from [24] and ∆H = +249 meV/atom for the optimized lattice parameter, show that the reaction should run in the opposite direction, confirming the absence of a TiFeSn compound in the Ti−Fe−Sn ternary system. [25] . On the other hand, the Hf 5 CuSn 3 structure can be considered as a Fig. 3 Optimization of the lattice parameter a for the "TiFeSn" compound; "a opt." corresponds to optimized lattice parameter with the lowest energy and "a exp." to the lattice parameter taken from [24] . The X-ray phase and microprobe analyses of the synthesized samples (Table 6) [23] . During the study of the Ti−Fe−Sn system the presence of the Ti 0. 4 (Fig. 4) of Ti 0.4 Fe 0.6 Sn 2 in the paramagnetic state is similar to those of other Mg 2 Ni-type compounds reported in [23] and predicts metallic-like behavior. The calculation of the electron localization function (ELF) revealed several features of the structure. The hexagonal nets of Sn1 atoms resemble those in graphite and are characterized by electron density localization between Sn1 atoms within the hexagonal nets, and between two Sn2 atoms situated above and below the Sn1 hexagonal rings (Fig. 5) . The electron density between Ti and Fe is shifted toward the Fe atoms due to the higher electronegativity (χ(Ti) = 1.54, χ(Fe) = 1.83) (Fig. 6 ). There is also electron density distribution between Sn and Fe atoms. The bonding in the structure can be described in terms of polar intermetallics -the Ti atoms provide electrons to the [FeSn] framework and the excess of Sn atoms allows the formation of Sn-Sn bonds. 2 Sn phases. Thus, the value reported for TiFeSn (a = 0.633 nm) [24] , compared with data for TiFe 2 Sn (a = 0.6068 nm) [21] , is very surprising. During our study of the Ti-Fe-Sn system the existence of the TiFe 2 Sn compound with lattice parameter a = 0.60601(1) nm was confirmed by X-ray and metallographic analyses, while the TiFeSn phase with a = 0.633 nm was not observed under the applied conditions.
Conclusions
The isothermal section of the Ti-Fe-Sn ternary system was constructed at 773 K. At the investigated temperature of annealing three ternary compounds, 
